A genetically engineered Vibrio cholerae strain from which the cholera toxin genes had previously been deleted was used as a host in which to study the expression and secretion of related toxins and their subunits. Recombinant plasmids encoding heat-labile enterotoxins (LTs) from Escherichia coli of human and porcine origin were expressed in the V. cholerae host, and this resulted in the secretion of the LTs into the extracellular milieu. The secreted LTs were isolated and it was found that the A subunits of human and porcine LT were "unnicked" polypeptides, which indicates that nicking is not obligatory for toxin secretion. V. cholerae strains were also constructed that harbored plasmids encoding either the A or the B subunits of human LT (A+B-, or A-B+). Approximately 90% of the B subunits were secreted from the A-B+ strain, while all of the A subunits expressed by the A+B-strain remained cell associated. This implies that strains synthesizing both subunits assemble the A and B subunits prior to their secretion. We propose that the entry of the toxin into the secretory step of the export pathway is mediated by a secretory apparatus that recognizes structural domains within the B subunit of LT.
unit of LT.
Cholera is a severe and at times fatal diarrheal disease of man (1) . It is caused by Vibrio cholerae, which secrete a potent cholera enterotoxin (2, 3) , consisting of five identical B subunits (4) that bind to GM1 ganglioside receptors (5, 6) and a single A subunit that subsequently activates adenylate cyclase (7, 8) . Many Escherichia coli strains that cause diarrhea in man and domestic animals, such as pigs, produce heat-labile enterotoxins (LTs) that are similar to cholera toxin in immunological (9, 10) , structural (11, 12) , and functional (13, 14) properties. However, several studies have revealed distinctive features between cholera toxin and the LTs. First, the A subunit of cholera toxin is activated by a proteolytic "nick," which gives rise to two polypeptides (A1 and A2) that are joined by a cystine bridge (15, 16) . The A subunits of the LTs are "unnicked" (17, 18) . Second, the B subunits of LTs bind to glycoprotein receptors as well as to GM1 ganglioside (19) . Third, cholera toxin is secreted from V. cholerae (2, 20) , while the LTs are cell associated (21, 22) and are located within the periplasmic space of E. coli (23, 24) .
Our present investigations concern the export and secretion of cholera toxin and the LTs. Many of the steps in the export of these toxins are presumbly common in both V.
cholerae and E. coli, including, for example, synthesis of subunit precursors, translocation across the cytoplasmic membrane, maturation and subunit assembly (25) (26) (27) . The capacity of V. cholerae to secrete cholera toxin into the extracellular milieu is, however, an additional step not found in the export of LT by E. coli. This is unlikely to be due solely to differences between cholera toxin and LT, because the cloning of cholera toxin genes in E. coli resulted in the accumulation of cell-associated cholera toxin (28, 29) . Therefore, it may be reasoned that V. cholerae possesses physiological factors or mechanisms that recognize and secrete cholera toxin. In this paper, we report that V. cholerae can also mediate the secretion of human and porcine LT derived from E. coli. Neill et al. have recently described a toxinogenic V. cholerae strain harboring an ENT plasmid that secreted porcine LT into the extracellular milieu (30) . These LT-producing V. cholerae strains thus provide a new approach for studying the export and secretory mechanisms of this bacterium.
Using various recombinant plasmids that encode either the A or B subunits of LT, we have investigated the role of these subunits in the secretory process. A model is presented for the secretion of toxins by V. cholerae.
MATERIALS AND METHODS
Cholera toxin, tetracycline, polymixin B, and trimethoprim were purchased from Sigma. Ampicillin was obtained from Astra, Sodertalje, Sweden, and thymine was from Mann Research Laboratories, New York. A cyclic AMP assay kit was purchased from the Radiochemical Centre. GM1 cellulose was donated by J. L. Tayot (Institut Merieux, Lyon, France).
Bacterial Strains and Plasmids. V. cholerae JBK70 (ACT, polymixin B resistant) was constructed as described by Kaper et al., by deleting the cholera toxin genes (31) . A thymine auxotroph of this strain was selected in the presence of trimethoprim (10 ug/ml) and thymine (20 ,ug/ml) and was designated V. cholerae TRH7000.
E. coli HB101 (Pro-Leu-Thi-RecA-) harboring the conjugative plasmid pRK2013 (kmr) (32) was transformed with various plasmids; EWD299 (porcine LT, A+B+, apr) (33), pWD600 (human LT A+B+, tcr) (34) , and pWD600 derivatives, pWD605 (human LT A+B-) (34) , and pWD615 (human LT, A-B+) (34) . Plasmids were the gift of W. Dallas (Wellcome Lab, Triangle Park, North Carolina). Transformants of E. coli HB101 (pRK2013) were then mated with V. cholerae TRH7000 and transconjugants were selected on blood agar plates containing polymixin B (50 units/ml)/trimethoprim (10 ,g/ml)/thymine (50 ,ug/ml), and an appropriate additional antibiotic; ampicillin (100 ,ug/ml) or tetracycline (2 ,ug/ml). All transconjugants of TRH7000 were checked for the loss of pRK2013. These experiments were carried out 
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E. coli K-12 G6 (Hfr, His-, Thi-) was also transformed with plasmids EWD299, pWD600, pWD605, and pWD615.
Toxin Localization During Cell Growth. V. cholerae TRH7000 (EWD299) was grown at 370C with continuous shaking in syncase broth (35) supplemented with thymine (50 tig/ml)/trimethoprim (10 Ag/ml)/ampicillin (100 ,ug/ml). E. coli G6 (EWD299) was grown in syncase supplemented with ampicillin at 100 Ag/ml. At various times during the growth of these strains, 1-ml samples were removed and the cells were separated from the medium by centrifugation (8000 x g for 2 min in an Eppendorf centrifuge) and resuspended in the same volume of cold syncase broth and sonicated twice (15 sec each). The concentration of porcine LT in the cell sonicates and medium fractions was determined by GM1 ELISA as described (36) , using cholera toxin as a standard.
Localization of Human LT and Its Subunits. V. cholerae TRH7000 strains harboring plasmids pWD600, pWD605, or pWD615 were grown in syncase broth supplemented with thymine, trimethoprim, and tetracycline (2 ,ug/ml). The control strain TRH7000 was grown under identical conditions in the absence of tetracycline. E. coli G6 strains harboring pWD600, pWD605, and pWD615 were grown in syncase supplemented with tetracycline (20,ug/ml), while the control G6 strain was grown in the absence of tetracycline. All the strains were shaken at 37°C until they reached the optical densities at 600 nm shown in Table 1 , and the cells were separated from the medium and sonicated as before. The concentrations of human LT A and B subunits in the various fractions were determined using the pigeon erythrocyte lysate assay (37) and GM1 ELISA, respectively, with cholera Purification of LTs Secreted from V. cholerae. V. cholerae strains TRH7000 (EWD299) and TRH7000 (pWD600) were each cultured in 250 ml of syncase broth with the appropriate supplements for 7 hr. Cells were removed from the culture medium by centrifugation at 16 ,000 x g for 20 min, and the medium was subjected to ammonium sulfate precipitation. The proteins that precipitated between 0% and 70% saturated ammonium sulfate were pelleted at 16,000 x g for 10 min and dissolved in 5.0 ml of 0.01 M sodium phosphate/0.15 M sodium chloride (P1/NaCl), pH 7.2. The fraction (0.5 ml) was added to a slurry of 20 ,l of cellulose to which GM1 ganglioside had been coupled covalently. After occasional shaking for 40 min at 4°C, the GM1 cellulose was washed twice with P1/NaCl. LT bound to the cellulose by virtue of its affinity for GM1 was released by boiling in sample buffer containing NaDodSO4 with or without 1% 2-mercaptoethanol. The boiled samples were analyzed by NaDodSO4/14% polyacrylamide gel electrophoresis.
Purification of Porcine LT from E. coli. Porcine LT was purified from the periplasmic space of E. coli G6 (EWD299) using a method that will be described in detail elsewhere. In summary, a periplasmic fraction was prepared by treating the cells with EDTA and lysozyme and subjected to ammonium sulfate fractionation. The proteins that precipitated between 45% and 70% saturated ammonium sulfate were dissolved and dialyzed against 0.001 M sodium phosphate (pH 7.6). During dialysis, aggregation of porcine LT occurred, and the aggregates were collected by centrifugation and found to contain essentially pure LT. RESULTS JBK70 is a genetically engineered V. cholerae strain from which the cholera toxin genes had previously been deleted (31) . This organism is a most convenient host in which to study the expression of related toxin genes because of the lack of contaminating cholera toxin. We crippled JBK70 further by introducing a thymine auxotrophic requirement to generate strain TRH7000 and then transferred into it various recombinant plasmids encoding the LT of E. coli.
Secretion of LT by V. cholerae. Plasmid EWD299 that encodes both porcine LT tAssayed by pigeon erythrocyte lysate assay (37) . tPercent toxin or toxin subunit in each fraction.
Biochemistry: Hirst et (Fig. 1A) . The concentration of LT in the medium increased exponentially at a rate similar to the increase in cell density. As the cells entered stationary phase, the remaining toxin was secreted until >99.5% of the total LT was extracellular. Expression of the same plasmid in E. coli G6 resulted in the synthesis but not the secretion of LT, all of which remained cell associated (Fig. 1B) .
Plasmid pWD600 that encodes human LT was also transferred into V. cholerae TRH7000, and the resulting strain both produced human LT and secreted it extracellularly (Table 1). A corresponding E. coli G6 strain harboring the same plasmid failed to secrete human LT into the medium (Table  1) . This demonstrates that porcine and human LTs are cellassociated proteins in their normal host, E. coli, but they become extracellular proteins when synthesized by V. cholerae.
Structure of the Secreted LTs. The A subunits of porcine and human LT isolated from E. coli are linear unnicked polypeptide chains (18, 19, 27) , whereas the A subunit of cholera toxin secreted by V. cholerae is-proteolytically nicked (4, 15) . We isolated the LTs secreted from the constructed strains of V. cholerae and determined their structures with special regard to the A subunit.
NaDodSO4/polyacrylamide gel electrophoretic analysis of porcine LT isolated from the medium of TRH7000 (EWD299) showed that the A subunit migrated with an apparent molecular weight of 28,000 both in the presence (Fig.  2, Role of the A and B Subunits in Toxin Secretion. Dallas (34) has constructed two recombinant plasmids carrying the LT genes, one with a 4-base-pair insertion in the A gene (pWD615) and the other with a 4-base-pair deletion in the B gene (pWD605). Strains carrying pWD605 or pWD615 express only the A subunit or only the B subunit, respectively.
We transferred these plasmids into V. cholerae TRH7000 and investigated the role of the A and B subunits in promoting toxin secretion. It was found that all of the holotoxin synthesized by TRH7000 (pWD600) and 90% of the B subunits synthesized by TRH7000 (pWD615) were secreted into the medium (Table 1) . In contrast, all of the A subunits synthesized by TRH7000 (pWD605) remained cell associated. Corresponding E. coli strains G6 (pWD600) and G6 (pWD615) failed to secrete holotoxin or B subunits, respectively ( Porcine and human LT from the medium of V. cholerae TRH7000 (EWD299) and V. cholerae TRH7000 (pWD600), respectively, and porcine LT from E. coli G6 (EWD299) were purified. Toxins were boiled in electrophoresis sample buffer containing 1% 2-mercaptoethanol (lanes 1-3, 7, and 8) and without 1% 2-mercaptoethanol (lanes 4-6) and then analyzed by NaDodSO4/polyacrylamide gel electrophoresis. Lanes: 1, cholera toxin (Sigma); 2, porcine LT from TRH7000 (EWD299); 3, porcine LT from G6 (EWD299); 4, cholera toxin; 5, porcine LT from TRH7000 (EWD299); 6, porcine LT from G6 (EWD299); 7, human LT from TRH7000 (pWD600); 8, porcine LT from G6 (EWD299). Molecular weights of the proteins are as follows: cholera toxin B subunit (B), 11,500 (38) ; cholera toxin peptide Al (Al), 22 ,000 (39); and porcine LT A subunit (A) from E. coli, 28,000 (17, 18) .
DISCUSSION
A variety of Gram-negative bacteria, including Vibrio, Aeromonas, and Pseudomonas species, secrete proteins through their cell envelopes into the extracellular environment. Other Gram-negative bacteria, including E. coli, rarely exhibit this phenomenon. The mechanisms that mediate protein translocation have been studied for a few truly secreted proteins. For example, Pseudomonas aeruginosa exotoxin A has been postulated to be secreted via zones of inner and outer membrane adhesion (40) , while E. coli hemolysin (41) and several proteins from Aeromonas hydrophila (42) have been proposed to transiently enter the periplasmic space during their export and secretion. In the case of hemolysin, specific outer membrane proteins, which are important for its secretion, have also been identified (41) .
In this report, we describe the synthesis of LT by both E. coli and V. cholerae, and demonstrate that while E. coli retain LT in a cell-associated compartment (periplasm; see ref. LT is exported to two different locations, depending on the organism in which it is synthesized, suggesting that bacterial-physiological factors as well as the structural properties of LT are clearly important in determining its location.
Previous studies on the export of LT by E. coli have shown that the toxin subunits are synthesized as precursors (12, 25, 43, 44) that are translocated across the cytoplasmic membrane and are proteolytically processed (25) before being assembled into holotoxin in the periplasmic space (27, 45) . We propose that a similar export pathway operates in V. cholerae, with an additional secretory step that releases the toxin into the medium (Fig. 3) . The important aspects of this model include the transient periplasmic location of the subunits, their assembly into holotoxin, and the nature of the secretory step. Because of the close similarity between cholera toxin and LTs, we have assumed that these are secreted from V. cholerae via identical export pathways.
Studies on the synthesis and location of cholera toxin and LT in V. cholerae imply that these toxins are secreted via a periplasmic pool. Levner et al. showed that treatment of V. cholerae with lincomycin caused the accumulation of cholera toxin in the periplasm (46) . Furthermore, we show that a small amount of LT (<10%) is cell associated during the exponential growth of V. cholerae TRH7000 (EWD299), which is subsequently secreted from the cells upon their entry into stationary phase. Similar studies on V. cholerae 569B showed that the small amount of cell-associated cholera toxin found in exponentially growing cells was released, without cell lysis, after a short exposure to polymixin B, EDTA, and lysozyme (unpublished results). These observations, together with the finding that both cholera toxin and LT are periplasmically located proteins in E. coli (23, 24, 29) , suggest that these toxins enter a periplasmic pool during their secretion from V. cholerae (Fig. 3) .
The site of assembly of A and B subunits during their export is clearly relevant to the mechanism of toxin secretion, because this governs whether V. cholerae secrete the subunits separately or as an assembled holotoxin. We demonstrate in this report that A subunits of LT are only secreted when they are synthesized in a strain that also produces B subunits. This implies that the two subunits must associate or assemble prior to their secretion in order to facilitate an extracellular location for the A subunit. However, in another strain that produces only B subunits, it was found that these were efficiently secreted into the medium even though no A subunits were synthesized. Thus, an association between the A and B subunits is not a prerequisite for the B subunits to enter the secretory step of the export pathway. In strains synthesizing both subunits, it might therefore be expected that assembly is well coordinated in order to avoid the secretion of B toxoid (Fig. 3) .
The nature of the secretory step of enterotoxins in V. cholerae is unknown. However, several physiological features may be responsible for this event and could include, for example, (i) a "leaky" outer membrane that permits the passive diffusion of LT into the medium, (ii) modification enzymes that alter the structure of LT and cause it to adopt a secretory proficient conformation, or (iii) a "secretory apparatus" that recognizes and mediates the secretion of LT through the outer membrane.
It seems unlikely that V. cholerae has a leaky outer membrane because associated A and B subunits are secreted while the synthesis of only the smaller A subunit results in it remaining cell associated. In addition, we found that ,B-lactamase (a periplasmic enzyme) was primarily cell associated in both V. cholerae TRH7000 (EWD299) and E. coli G6 (EWD299) (unpublished results).
A modification of LT that we considered might be relevant to toxin secretion was the nicking of the A subunit, because cholera toxin had previously been shown to have nicked A subunits when secreted from V. cholerae (3) but unnicked A subunits when cell associated in E. coli (28) . Furthermore, lincomycin induced synthesis of cell-associated unnicked cholera toxin A subunits in V. cholerae (46) . However, in this paper we show that nicking is unimportant in the secretory process, because the holotoxins of both porcine and human LT were completely secreted without their A subunits being nicked. In addition, B subunits were secreted in the absence of A subunit synthesis.
V. cholerae may contain a "secretory apparatus," which mediates the secretion of LT, and this would presumably interact with domains of the toxin molecule. Our finding that B subunits are secreted in the absence of A subunits indicates that B subunit domains are important. It is not known whether these putative domains reside within unassembled monomeric B subunits or result from their assembly into pentamers. We propose that only the assembled B subunits contain the structural information for interacting with the secretory apparatus and that the A subunit is only secreted by virtue of its association with the B subunit pentamer (Fig.   3 ). The nature of the interaction between the B subunits and the secretory apparatus and the identity of the latter remain to be elucidated.
Our observation that the A subunits of porcine and human LT are unnicked after secretion from V. cholerae suggests either that these toxins are not susceptible to the protease(s) produced by V. cholerae, which nicks cholera toxin or that V. cholerae TRH7000 is a low producer of such proteases. The V. cholerae protease that nicks cholera toxin has been proposed to be soluble hemagglutinin/protease, which has been shown to have the capacity to nick in vitro purified human LT from E. coli (47) (48) (49) . The fact that the A subunit of human LT expressed by V. cholerae was unnicked, even though it could be nicked by the addition of purified V. cholerae soluble hemagglutinin (unpublished results), suggests that V. cholerae TRH7000 does indeed produce insufficient soluble hemagglutinin to catalyze the nicking of LT.
In conclusion, it is clear that V. cholerae exploits various bacterial physiological processes in its synthesis of enterotoxins. These include an efficient secretory mechanism and nicking proteases that deliver activated toxins into the milieu where they interact with the host and cause disease. The construction of V. cholerae strains that secrete LT and its subunits has enabled aspects of these important processes to be elucidated. In addition, these strains may also be of use in vaccine development by providing an extracellular source of LT and LT-B subunits from which these proteins could be purified, by adapting methods previously developed for cholera toxin. We describe in this paper a one-step isolation of LTs using GM, cellulose affinity chromatography, a procedure that could easily be scaled up to yield gram quantities of purified toxin or B subunits (50) . Also, it has not escaped us that it may be possible to develop a generalized secretory system in V. cholerae based on the secretion of LT-B by engineering gene fusions in which elt-B is a component.
